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Abstract

Long, flexible, bevel-tip needles curve during insertion into tissue, and rotations of the needle base
reorient the tip to steer subsequent insertions. Friction between the tissue and the needle shaft,
however, can cause a severe discrepancy between the needle base and tip angles. In this paper, |
demonstrate an algorithm to properly align the entire length of the needle using torque measured at
the base. My algorithm uses several intermediate base rotations to align the orientation of points
along the shaft with the desired angle, with minimal remaining torque exerted by the base. |
performed an experimental validation with four angle sensors attached to the needle throughout
the tissue. My compensation algorithm decreased the lag throughout the needle by up to 88%.

[. Introduction

Controlling a maneuverable needle operating under image guidance allows the needle to
avoid obstacles, correct position errors at the tip during biopsies, and deliver multiple seeds
during a brachytherapy insertion. Accurate needle tip placement is essential during these and
other needle-based procedures [1], [2].

One method of steering a needle in tissue involves harnessing the asymmetry of the bevel
tip. As a bevel-tip needle is inserted into tissue, asymmetric reaction forces exerted by the
tissue cause the needle tip to follow a nearly circular arc of constant curvature [3]. The
direction of curvature is controlled by rotating the base of the needle. This method likely
adds little to no tissue trauma (over standard straight needles inserted a similar distance)
since the insertion and rotation are controlled from outside the tissue. See [4] for a survey
that includes needle steering in soft tissue.

During a rotation, torsional friction between the tissue and the inserted length of the needle
can result in discrepancies between the angles at the base and bevel-tip of the needle.
Previous experiments have demonstrated that the lag can be more than 40° when inserted
only 10 cm into a phantom tissue [5]. Any inconsistency in the needle angles is likely to
result in poor performance or failure of controllers and path planners.

There are several available methods that have been used to compensate for nonlinear stiction
outside the realm of needle steering. Dithering, or adding a high frequency periodic signal,
keeps the controlled surface moving and thus prevents the controlled surface from
encountering stiction [14]. High frequency motions are likely unsuitable for needle steering
due to the possible additional trauma associated with these vibrations.

If the needle tip orientation could be measured directly, a feedback controller could be
designed to drive the needle tip orientation to a desired value. Unfortunately, directly
measuring the angle of the needle shaft is currently not possible from external imaging. The
needles used in clinical procedures are on the order of 1 mm. Smaller needles allow smaller
radii of curvature, but further complicate needle tip angle estimation. Current medical
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imaging has a resolution of approximately 0.8 mm [13], which is adequate for tracking a
needle, but is unable to directly measure the bevel angle (much less the angle of the entire
shaft). Six DOF magnetic trackers are available, but none are small enough for use at the tip
of a steerable needle. Using real-time positions of a needle measured from imaging, Kallem
and Cowan [8] are able to recover the roll and pitch of the needle, but their model assumes
no torsional friction and, thus, no lag between the base and tip.

Several studies have examined friction forces for inserting a needle into tissue [6], [7], but
few have examined the torsional effects of friction. Previous work suggests that torsion
along the needle-tissue interface can cause difficulties for bevel-tip needle steering [8], [9],
[10], [11], [12]. Abolhassani et al. [12] describe a method to adjust the needle angle based
on the measured “twisting” torque assuming all torsional friction occurs at the tip of the
needle, an effective approach in their case because the needle was inserted only a short
distance when it was rotated. Here, | build on their work in the case that torsional friction is
assumed to be continuous along the tissue, a more appropriate assumption for needles
inserted to greater depth.

Rather than estimate the bevel angle, the purpose of this paper is to provide an algorithm
that “resets” the needle shaft orientation (including the bevel tip) to a known, desired state.
In the remainder of this paper, | discuss the motion of a needle rotated in tissue and show a
method using stiction torques to put the needle in a state such that further insertion yields
predictable results.

Il. Methods
A. Device Setup

I used the setup shown in Figure 1 for my measurements and experimental validation. The
device is capable of inserting and rotating a needle into phantom tissues. A three-axis sensor
measures forces and torques at the base of the needle.

For all experiments presented here, | used a solid 0.39 mm diameter nitinol wire from
Nitinol Devices and Components, Fremont, CA. The tissue was a plastisol (M-F
Manufacturing Co., Inc.) fabricated using plastic and softener in a ratio of 4:1. |
instrumented the needle with hall effect sensors (Honeywell Sensing and Control, Golden
Valley, MN, USA) to measure the angle of the needle at multiple locations. For each angle
sensor, set screws rigidly attached two magnets to opposite sides of the needle and a
platform maintained the magnets at a specific location relative to the hall effect sensor,
which measured the angle of the needle.

B. Torsion Models

There are no direct methods to measure the angle at the tip of the needle inside tissue, but a
torque sensor can provide useful information about the state of the needle. At specific
instances, the torque measured at the needle base will directly relate to the lag.

1) Tip Lag from Torque Measurement—*For this analysis, | assume that the friction
and material properties are homogeneous throughout and the tissue is rigid. As | will
demonstrate later, the rigid tissue assumption will require a slight modification for elastic
materials. This analysis also assumes the needle is at steady state when the torque is
measured. Steady state can occur in two ways: one, the entire needle is at rest, so static
friction is the only active force and two, when the entire needle is rotating at a constant

Proc IEEE RAS EMBS Int Conf Biomed Robot Biomechatron. Author manuscript; available in PMC 2010 July 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Reed

Page 3

velocity, so damping is the only active force from the tissue. In all cases, | neglect inertial
effects.

Using the torque and material properties of the needle, mechanics principles give the relative
angle between two points on a solid cylinder (needle) as:

L Ti(x)dx
0= ———,
fo J(x)G(x) (1)

where @ is the angle change over the length (L), zj(X) is the internal torque, which describes
the amount of torque propagated along the length of the needle, J(x) is the needle’s polar
moment of inertia, G(x) is the shear modulus of the needle, and x is the distance along the
needle as defined in Figure 2. The needle has a constant cross sectional area and material
properties, so J(x) = J and G(x) = G. Measurements determined that G = 27.2 GPa and J =
2.3 x 1073 mm* for the nitinol needle used here.

When the needle is rotated inside the tissue, friction from the tissue will exert a torque on
the needle. At steady state, there is a maximum torque the tissue can exert on the needle due
to stiction or damping. | define » to be the frictional torque per length. The total frictional
torque increases linearly with insertion distance, just as frictional insertion force does [7], so
the maximum steady state torque the tissue can exert on the needle is v(lgyt — lin)- If the
external torque exerted by the base is less than this maximum torque, the needle tip will not
move, but some fraction of the needle will rotate. | define interaction distance, dj, as the
distance along the needle that has rotated. The interaction distance is such that:

d;
Tp= f L vdx, )

where 1, is the torque measured at the base, lj, is the distance from the needle base to the
insertion point, and |, is the distance from the needle base to the point where the needle
exits the tissue, as defined in Figure 2.

The torque exerted by the tissue will cause the internal torque in the needle to decrease
linearly from z,, to zero as shown in (3).

Xy

d—
T[(X)ZT[;( Id- ) for Ln<x,<d;,

(3)

where ¥; is the distance along the needle measured from the insertion point as shown in
Figure 2.

Substituting (3) into (1) and integrating over the length of the needle that rotated inside the
tissue (li, to d;) yields

T (Zdix, - xtz)

0=~
=56\ " 2a; @
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Equation (4) shows how the angle will change throughout the rotated portion of the needle
inside the tissue given the torque measured at the base. Note that this says nothing about the
remaining unrotated portion of the needle. If the needle tip has been rotated, then dj = |y —
lin. Setting x; = d; shows the lag of the needle tip relative to the insertion point. Equation (5)
shows the lag associated with the measured torque when the needle tip has also rotated.

Tp(lou = lin)
Bout — Op=—mh__07
out i 2JG ®)

Outside the tissue, there are no frictional forces, so the internal torque is constant, thus
integrating (1) from zero to lj, results in a lag of

Tplin
JG ' (6)

Opase — Oin=

The lag inside and outside the tissue will add due to the principle of superposition and fq; =
Btip, SO the total lag from the base to the tip is

Obase — Hﬁp:

b lin+low
JG 2 ’

(7

Equation (7) is only valid for rotations large enough that cause the tip angle to also rotate. If
this condition is not satisfied, the measured torque will report incorrect lag angles.

Under these assumptions, using (7) will improve the accuracy of the lag estimate proposed
by Abolhassani et al. [12] by 22% for a 27.5 cm needle inserted 10 cm into a tissue (same
length needle shown in Figure 3).

2) Finite Element Model—In order to better understand how multiple small rotations
affect the angle along the needle shaft, | implemented a finite element (FE) model of the
needle as it is rotated inside tissue. The model uses (6) to connect each node. The interaction
between each needle node and the tissue is modeled as Karnopp friction, which is composed
of a constant static friction within a small velocity near zero and damping elsewhere, as was
done in [7] for needle insertion forces. The material properties are modeled after those used
in the experimental validation and discussed in section I1-B.3. The tissue is assumed to be
completely rigid, so there are some corresponding limitations in the accuracy of my
simulation.

The FE model was constructed of 199 disk elements inside the tissue, each of length 0.5
mm, and one element of length 175 mm outside the tissue. The element outside the tissue
was simply treated as a long torsional member since no external forces acted along it’s
length. The simulation was run with a time step of 1076 s.

3) Material Characteristics—Three parameters are required for the needle. J is defined
as J = 7d*32, s0 J = 2.3x1073 mm*. G was determined by rigidly fixing the needle tip at a
fixed angle while rotating the needle base. The remainder of the needle was unrestrained. A
90° rotation of the 41 cm needle resulted in a torque of 0.24 N-mm. Using (6) shows that G
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is 27.2 GPa. The finite element analysis also requires the density of the needle, which is 6.45
glcmd.

I experimentally determined the stiction force and damping required by the Karnopp friction
model. During steady state needle rotation, | assumed all applied torque from the tissue is
from damping, so | can use 7, = b6 to estimate the damping coefficient, b. I rotated the base
at @ = 0.08 rad/sec and found that b = 2.8 N-mm-s for a 100 mm insertion. To measure the
stiction forces, | measured the base torque after the needle was rotated and reached
motionless steady state and found that static friction is 0.45 N-mm for a 100 mm insertion.
Both the damping and static friction will increase linearly with insertion distance.

C. Controlling the Needle Tip

Compensating for torsional friction by rotating an amount equal to that predicted by (7) is
not enough to put the needle in a suitable state to prevent errors in the tip angle. Even if the
needle tip is at the correct location, any insertion force will break stiction and reduce the
friction, which will cause the tip angle to rotate to an unknown angle. Also, it is possible to
have the tip and base both be at the desired angle while the rest of the points along needle
are at different angles.

Figure 3 shows my finite element simulation of the needle during three rotations. Initially,
the entire needle was at 0° (not shown). The base was rotated to 45° and the tip only rotated
to 33° due to torsional friction. In this state, the torque measured at the base (—0.14 N-mm)
is directly related to the lag since all torque from the tissue is in the same direction (i.e. no
torsion windup) as shown in Figure 3b. In this state, (5) accurately describes the resulting tip
lag. When the needle base is moved such that there is no measured torque at the base, there
was still a 1.5° lag. In this state, the measured torque does not directly relate to the lag since
there is significant torsion applied in both directions from the tissue. Notice the sharp change
in direction in the internal torque near the midpoint of the tissue. When the needle base is
rotated to the same angle as the tip, the measured torque was actually positive. The frictional
torques from the tissue and a small torque from the base are holding the needle in place,
even though the tip and base angles are equal. When the needle is in a non-ideal state, such
as just described, the measured torque at the base can be misleading.

Ideally, it would be possible to place the entire needle shaft at a constant angle, but this
would take a large number of rotations to accomplish. Apart from a constant angle
throughout, | propose that a reasonable state for the needle consists of the three following
conditions:

it
[ riissue=0, (8a)
Tp=T1p=0, (8b)
Obase =Ttip=0desired - (8c)

This proposed state of the needle does not eliminate torsion windup since some residual, but
small torques and angle changes will remain along the inserted portion of the needle. The
sum of the absolute value of the torque may be high, but an integral equal to zero implies
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that any reduction of friction could allow the needle and tissue to internally balance the
torques without exerting a torque on the needle base or rotating the needle tip. The angles
for the base and tip need to be the same as the desired angle so that no additional torques
will develop. Similarly, no torque should exist at the needle base, otherwise the needle is
likely to rotate when the stiction is broken during an insertion.

My method to put the needle in a suitable state involves rotating the needle multiple times
by specific amounts. This method can be visualized more easily by imagining a translational
version represented by an untethered rope laying on the ground. The rope can be putin a
nearly straight line by slowly wiggling the rope back and forth while decreasing the
amplitude of each wiggle. Each wiggle actually places a portion of the rope in a curved path,
but wiggling enough times approximates a line.

I used the FE simulation to generate an ideal summary of my algorithm, which is shown in
Figure 4. First, the needle base is rotated to Ogesireq (45° in this example), which should be
greater than v(loy—lin)%/(JG). Then, the torque is measured and the lag, Olag is determined.
The needle is controlled to Ggesired + Flag- This lag compensation will place the needle tip at
Odesired- Next, the needle base is rotated t0 Ggesired —0.750)g and then t0 Hyesired + 0.250)ag.
These two rotations rotate the center portion of the needle slightly above and below the
desired angle. The final rotation is actually the needle base rotating to the point where no
base torque exists, which is Ggesired-

Rotating by 0.750}5g and 0.256)},¢ causes the interaction distance to be 0.75(loyt — lin) and
0.25(Igyt — lin), respectively. These rotations cause the tissue between 0.25(1y,t — lin) and
0.75(Igyt — lin) to exert a positive torque on the needle while the remaining tissue exerts a
negative torque on the needle. The torque along the entire needle will integrate to zero.
These proportions are not the only values that satisfy my metric defined in (8), but it does
involve the least number of rotations. Additional rotations will reduce the largest angle, but
will take additional time.

[1l. Results and Discussion

As stated above, it is not possible to measure the angle of the needle inside tissue, so | cut
the tissue and measured the angle at three discrete locations to validate the model. The
needle enters four sections of tissue separated by three angle sensors as drawn in Figure 5.
The angles for the test setup are predicted by combining (5) and (6). The principle of
superposition states that the angles add linearly, so the angle of the needle tip after a rotation
for the experimental setup is predicted by

3

175 7,10 )
Ooxp= + +
N _ n=1
17.5cm 10 cm in—
tside side tissue 3 sensors
outs § (4 cm each outside) ©

Notice that the lag associated with the tissue is the same as it would be if there were no
sensors. The internal torque does not change during the sensor regions, but the torque
through the sensor regions causes an extra angle change. The internal torque is zero for the
fourth sensor, so there are only three sensor regions that contribute an extra lag.
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During my experiments, | used an over damped PID controller to move the needle base and
waited 3.0 seconds before measuring the angles to allow any damping effects to settle. The
PID controller was tuned to reach zero steady state error with no overshoot.

For each experiment, the entire needle starts at zero degrees and the desired angle is 45°.
Figure 6 shows the angles at each angle sensor during my algorithm for an average of five
separate trials. The first motion moves the base to 45° while the tip is lagging by 26°. The
torque is measured and the base is moved by the amount predicted by (9). The next two
motions follow the algorithm. The final motion puts the base at the desired angle, but the tip
angle is still lagging by 12°. The lag is improved, but the needle is not at the ideal state.

The remaining lag at the conclusion of the rotations is likely due to elastic effects in the
tissue, which were not modeled. The tissue elasticity will allow the needle to rotate even
when stiction has not been broken. When the needle base is returning to a certain angle, the
tissue elasticity will initially allow the needle to move without any additional forces; thus
the needle will rotate further than expected, which likely accounts for the discrepancy in
Figure 6.

To test my hypothesis that the tissue elasticity is causing the remaining lag, | implemented
the same algorithm, but compensated for the elasticity in the first motion. Instead of only
rotating by the amount predicted by (9), | rotated the base by an additional 12°, which is the
remaining lag likely due to elasticity. Figure 7 shows the results of my algorithm modified
to compensate for the tissue elasticity. Only the first motion is needed to overcompensate the
elasticity. The last three motions were performed exactly like the original algorithm. At the
end of these rotations, the final angle of the needle only lagged by 3° and the angles along
the needle were all within 3° of Gyesired-

The final state of the needle is close to my proposed state. Equation (8a) states that the
torque exerted along the needle should integrate to zero. Measuring the torques along the
needle is difficult, but the measured angle provides a reasonable approximation. The average
angle along the needle shown in Figure 7 is 43.8°. The difference between the maximum and
minimum angles is 4.4°, which indicates that there is minimal angle change and internal
torque along the needle. Equation (8b) states that the measured torque should be zero after
the final rotation. The torque at the final state was 0.068 N-mm, which was significantly less
than the torque without accounting for tissue elasticity, but was still larger than zero. The
standard deviation of the repeated trials was around +5° for each of the measured angles, so
having a small remaining torque and an error of < 5° is acceptable and significantly better
than the state of the needle after the initial rotation.

V. Conclusions and Future Work

The needle system described in this paper is essentially a one input, continuous output
system since | am not changing the insertion depth. The input is position of the needle base
and the output is the angle along the needle. Multiple rotations of the needle base cause a
windup where the angle and internal torque can vary along the length of the needle. Most
severely, torsional friction along the needle-tissue interface causes the needle tip to lag the
controlled location at the needle base.

Torsional lag is a very detrimental issue for controllers and path planners operating on a
steerable needle. If the lag is not compensated for, the bevel will not be aligned with the
base and insertion will cause the needle to advance in an unknown direction. My proposed
metric defines a reasonable and achievable state that is suitable for further rotation or
insertion into the tissue. In this paper, | demonstrate one method to compensate for the
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torsion windup using measurements from a torque sensor. This method involves multiple
rotations to place the entire needle near the desired angle.

I show that compensating for tissue lag by multiple rotations can reduce the torsional lag by
88%. My experiments also show that tissue elasticity further complicates torsion windup by
allowing some needle rotation without the needle slipping relative to the tissue. My
algorithm, combined with an extra rotation to account for the tissue elasticity, allows the
entire needle to achieve the desired angle with minimal residual error. Future models will
extend the torsion measurements to account for the elasticity in the tissue. Similarly, the
future finite element simulation will incorporate tissue effects using the Kelvin—Voight or
Maxwell tissue model.
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Fig. 1.
Experimental setup shown with four sensors interwoven with four equal sections of tissue.
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Fig. 2.
The base of the needle contains a motor that can apply a torque. The tissue can apply a
torque to the inserted portion of the needle.
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Page 12

Finite element simulation results showing (a) the angle along the needle and (b) the internal
torque for three scenarios: (1) the base was rotated to 45° and held (initial rotation), (2) the
base was rotated to 45° and then moved such that the torque was zero (relaxed), and (3) the
base was rotated to 45° and then rotated to the same angle as the tip (base equals tip angle).

The torque measured at the base only relates to the torsion lag after the initial rotation.
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Fig. 4.

Finite element simulation of my algorithm to put the needle in a reasonable state. The needle
base was initially rotated so the tip would be at 45°. The next three rotations position the
needle with minimal amount of torque along the length of the needle with no torque
measured at the base.
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Fig. 5.
Experimental setup to measure the angles at multiple locations along the inserted portion of
the needle.
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Fig. 6.

Results from my algorithm performed on a phantom tissue, without compensating for elastic
deformation of the tissue. We decreased the tip lag by 54%. The error bars represent the
standard deviation over 5 trials. (Half bars used to prevent overlap and increase clarity.)
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Fig. 7.

Results from my algorithm modified to account for elastic tissue. | decreased the tip lag by
88%. The error bars represent the standard deviation over 5 trials. (Half bars used to prevent
overlap and increase clarity.)
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